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Abstract

The relationship between backbone dynamics and stability in circularly permuted
globins is not well understood. HGL16 is a circular permutant of sperm whale myoglobin
(sw Mb) in which the amino and carboxyl termini have been linked by 16 amino acids,
(GlyGlyGlySer)4. New termini have been generated between the G and H helices. This
permutant was shown to be 5.2 kcal/mol less stable than the wild-type protein. Backbone
dynamic studies of permuted globins via 15N Heteronuclear Single Quantum Coherence
(NHSQC) nuclear magnetic resonance (NMR) experiments may help achieve a better
understanding to the observed stability changes observed. The assignments of both wildtype sw Mb and HGL16 NHSQC spectra are necessary to perform backbone dynamics
studies.
HGL16 has been previously produced in E. coli cells, but with low soluble expression
yields. Generating 15N HSQC spectra and assigning the backbone amide resonances for
dynamic studies requires 15N/13C isotopic labeling. Isotopic labeling requires expression of
myoglobins in a minimal medium, which typically gives significantly lower yields compared
to protein expression rich medium. An alternate approach is expression of the labeled
proteins in the apo-form as inclusion bodies, followed by reconstitution of the holo-form with
the heme prosthetic group.
Purification and reconstitution of the globins from inclusion bodies, gave higher
yields compared to soluble expression in minimal medium. Mass spectrometry was used to
verify the identities of the purified globins. Reconstituted proteins were characterized by
UV-Vis spectroscopy, and one dimensional proton NMR. These findings show the heme
iv

binding in the reconstituted globin is very similar to that in the holoprotein purified from the
soluble fraction.
15

N /13C isotopic labeling in minimal medium was successful. Two dimensional

NHSQC spectra for the cyanomet isoform of wild-type sw Mb and HGL16 were acquired,
and the peaks were assigned using data from the following three dimensional experiments:
HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH. The assignment of the NHSQC spectrum
of HGL16 permutein required additional data from HNCO and HN(CA)CO experiments.
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Introduction
Myoglobin has a rich scientific history. It has been of scientific interest since the
early nineteenth century (Günther, 1921: Millikan, 1939), when the red pigment of
mammalian muscle had been noted to be distinctive from that of the circulating blood. Work
had been undertaken to isolate the pigment of muscle tissue, which eventually was identified
as myoglobin (Mörner, 1897; Günther, 1921). Myoglobin is known to bind to oxygen, as
well as other ligands, such as carbon monoxide and nitric oxide. The binding of oxygen is
reversible, and this allows for oxygen storage and transport in muscle tissue
In 1958, sperm-whale myoglobin was the first globular protein to have a three
dimensional crystal structure determined (Kendrew et al., 1958). Myoglobin is a single
polypeptide chain consisting of 153 amino acid residues (Figure 1). Approximately 80
percent of the protein has a helical secondary structure. There are eight defined helices when
myoglobin is in the heme bound (“holo”) form. These helices are designated by letters A
through H, in sequence from the amino terminus to the carboxyl terminus (Kagen, 1973).
The non-helical regions of the protein are often designated by two letters signifying the loops
between helices.

Figure 1: Cartoon depiction of 3-D structure of myoglobin showing
lettering assignment to helices, and heme molecule at center. Here
helical segments are shown as thick cylinders. (Figure from Dr. Jon
Robertus, U. of Texas – Austin, used without permission)

A very important constituent of biologically active myoglobin is the heme prosthetic
group. The native structure of the heme prosthetic group is a protoporphyrin-IX ring with an
iron ion coordinated at the center (see Figure 2). Porphyrin rings are widely distributed in
biological systems, and are required in many proteins for enzymatic functions (Dolphin,
1978). In oxygen carrying globin proteins, it is to the iron of the heme group that oxygen
reversibly binds. In myoglobin the heme group sits in a hydrophobic cleft, with the
hydrophobic edge of the heme buried in the interior of the protein, and the hydrophilic
propanoic acid substituents oriented towards the exterior of the protein. The iron of the heme
is coordinated to the imidazole ring of a histidine of the F helix, referred to as the proximal
histidine. Myoglobin can bind oxygen reversibly only in the Fe2+ (ferrous) oxidation state.
The iron spin state changes as a function of ligand binding and release (Dolphin, 1978).

2

Figure 2: Heme structure diagram
showing α, γ-meso axis.

The abundance of this protein makes it a logical choice for the investigation of
protein structure and function relationships. It is similar in structure to hemoglobin, but is
smaller and less complex since it exists as a monomer instead of a heterotetramer.
Myoglobin has been used as a model to study structure and function of other hemecontaining proteins, such as cytochromes and heme-copper oxidases (Sigman et al., 2000).
The physical and chemical environments that occur due to complementary effects between
the protein and heme prosthetic group are of significant interest. By coordination of the
proximal histidine, the protein conformation directly influences the location of the Fe2+ ion
with respect to the plane of the porphyrin ring, affecting ligand binding affinity, and
imparting biological function (Antonini & Brunori, 1971). The heme group also affects
protein conformation, and stability. The influence of the prosthetic group on protein folding
(Kawamura-Konishi et al., 1988) and conformational stability has been thoroughly
investigated (McLendon and Murphy, 1980). In addition, a direct correlation between
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protein expression yields and increased thermodynamic stability of the apoglobin has been
established (Graves et al. 2008, and work cited therein).
The bacterial expression of myoglobin from a synthetic gene has greatly expanded the
opportunities to study the protein’s structure and function. It has been over twenty years
since myoglobin, both human and sperm whale sequences, have been successfully expressed
in Escherichia coli (Varadarajan et al., 1985; Springer et al., 1987).

Site directed

mutagenesis have been carried out to elucidate the roles of specific amino acid residues in
structure and function (Cavangnero et al., 2001; Culbertson and Olson, 2010).
Myoglobin is amenable to study by a variety of spectroscopic techniques, such as
ultraviolet-visible absorption, fluorescence spectroscopy, circular dichroism, and nuclear
magnetic resonance spectroscopy. The color and spectroscopic properties of porphyrins are
due to the extended conjugated π-electron system. There are often three absorption bands
within the visible region, the α-band, the β-band, and the Soret band, which are in order of
increasing energy. The Soret band, located in the 409-420nm region, is commonly ten times
more intense than the α and β bands (Adar, 1978).
Significant work has been undertaken to understand the process by which the holo
myoglobin is reconstituted from apo myoglobin. Thus, myoglobin is well suited for
reconstitution experiments. Myoglobin can be reversibly denatured as a function of changing
environmental conditions such as pH and ionic strength (Acampora and Herman,1967). This
process may be monitored by various spectroscopic methods to determine kinetic parameters
of the refolding pathway (Hughson et al, 1991; Jennings et al, 1993; Loh et al, 1995).
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Much research has been carried out to characterize the different products isolated
from myoglobin reconstitution experiments. When apomyoglobin is initially reconstituted to
the holo form with heme, a 1:1 ratio of two species will exist where the heme prosthetic
group binds with alternate orientations of 180° along the α,γ-meso axis (see Figure 2). Heme
re-orientation will then progress until the equilibrium ratio of 9:1 is reached. NMR
spectroscopy has been effective at monitoring this distribution of conformational isomers.
Paramagnetism causes resonances of the heme pocket to be hyperfine-shifted downfield and
upfield. The work of La Mar et al. (1988), used 1H NMR to investigate factors in initial
heme binding to the apomyoglobin that lead to heterogeneity in orientation in the
reconstituted holo form. The observation of heterogeneity raised the question of what
interactions were initially occurring between the heme and the apo protein to cause
alternative insertion of the heme. Reconstitutions experiments conducted using a heme with
one of the propanoate groups removed led to a single oriented form. It was therefore
proposed that a stable salt bridge initially forms between a single propanoate group and one
of the protein residues, possibly Arg45 in loop position CD3. It is this initial interaction
which leads to the observed heterogeneity. When apomyoglobin is reconstituted with heme
dicyanide there is a strong predominance of the insertional isomer that is favored at
equilibrium (Yee, S. & Peyton, D.H., 1991).

Circular Permutation
Our laboratory is working to develop a Hemoglobin Based Oxygen Carrier (HBOC)
blood substitute. To that end we are developing a single chain hemoglobin molecule which
contains a circularly permuted β globin (Asmundson et al., 2009). Myoglobin is an excellent
model system for hemoglobin protein engineering (Doherty et al., 1998; Graves et al., 2008),
5

because it is a functional and structural analogue of the α- and β-subunits of hemoglobin. All
are homologous globular proteins that reversibly bind oxygen, and have predominately
helical secondary structure. However, myoglobin is a monomer as opposed to hemoglobin,
which is a heterotetramer, consisting of two α- and two β-subunits. The termini of the
hemoglobin α- and β-subunits are too distant to be covalently linked by a short (i.e., <8
residues) peptide (Shaanan, 1983). To generate a single-chain hemoglobin we have chosen
to relocate the β-subunit termini by circular permutation, to allow for novel covalent
connections between subunits using linkers of five or fewer amino acids.
Circular permutation describes the rearrangement of the primary amino acid sequence
for a protein in relation to where the termini are located (Figure 3). Essentially, the primary
sequence is still intact, but a novel connectivity has been introduced. This sequence
rearrangement was first observed in nature with the lectin proteins favin and concanavalin A
(Cunningham et al. 1979). Since then, many other circular permuteins have been observed
or designed. The Circular Permutation Database (CPDB) catalogs a large collection of
circular permuteins. As of 2008, there were 4,169 nonredundant pairs of circular permuteins
recorded in the database (Lo et al. 2009).

Figure 3: Circular permutation of a polypeptide with four helices where the order of the helices is
represented A-D. Fusion of the wild-type termini creates a circular intermediate. Amide cleavage in the
loop region between the B and C helices creates a circular permutein, wherein the termini have been
relocated to the B-C loop.

6

Circular permutation has been used as a protein engineering technique and more than
twenty five permuteins have been cataloged (Lo et al. 2009). Most possess functions and
structures similar to those of the native protein. There are two changes needed to create a
circular permutation. First, the wild-type termini must be fused, which may be done directly,
or with a peptide linker. Second, the protein must be cleaved at another location (see Figure
3). Recombinant DNA technology has made circular permutation of proteins readily
accessible.
Circular permutation has proven to be a useful engineering tool in understanding
protein structure. In the work of Iwakura et al., all possible circular permutants of the
monomeric, two domain enzyme dihydrofolate reductase (DHFR) were generated. It was
observed that certain sites did not tolerate the introduction of new termini based on the loss
of enzymatic function or inability to recover protein from cell culture. Iwakura et al., defined
a ‘folding element’ in DHFR as a region of the primary sequence where three or more
contiguous sites do not tolerate introduction of new termini (see Figure 4). Interestingly,
folding elements were not found exclusively in secondary structural elements, such as αhelices and β-sheets, but also in loop regions. It was also observed that amino acids involved
in early folding events were located within folding element regions.

7

Figure 4: Folding elements mapped onto the structure of DHFR. Colored regions represent
folding elements. Secondary structure motifs and protein termini are also show. (Figure from
Iwakura et al., 2000)

The 20kDa Bacillus circulans Bcx is an endoxylanase with a β-jellyroll fold. The Nand C-termini of the protein are in close proximity, interacting directly via a salt bridge. The
distance between the native termini in the X-ray crystal structure is 2.7 Å (Wakarchuk et al.,
1994). The work of Reitinger et al. 2010, involved the rational design of three permuteins,
with the native N- and C-termini bridged by a single glycine. After initial thermal
denaturation experiments were conducted and a significant loss in midpoint temperature of
unfolding (Tm) of 10-15 ˚C was observed, a two glycine linker was chosen as a template for
the generation of a library of random permutants. The library of circular permuteins was
generated by performing random DNase cleavage of the circularized Bcx gene. Expressed
permuteins were then subjected to an activity-based xylanase screening and 35 active
hydrolases with unique termini were identified. Interestingly, when the new termini were
mapped onto the tertiary structure of the protein, termini were found not only in exposed
8

loops, but also within β-strand secondary structural elements, and even near several active
site residues (see Figure 5).

Figure 5: Summary of xylanase activity of Bcx circular permuteins plotted on rotated structural
views of the wild-type protein. The two glycine linker is show as a dashed line. New N-termini
positions are labeled and the color coding summarizes relative activity. The catalytic residues,
Glu78 and Glu172, are show in brown. (used without permission, from Retinger et al. 2010)

Myoglobin Circular Permutein
In efforts to probe the relationship between protein folding and topology, Fishburn et
al. (2002) engineered by rational design a circular permutein of sperm whale myoglobin. A
16 amino acid linker (GlyGlyGlySer)4 was introduced between the native N- and C-termini,
and new termini were introduced in the G-H loop (see Figure 6).

9

Figure 6: Schematic showing the arrangement of the eight helices in wild-type sperm whale
myoglobin (top, left) and backbone rendering showing N-terminal A helix in blue with the Cterminal H helix in red (bottom, left). Schematic of HGL16 permutein helices, with rearranged
order and new termini (top, right) and backbone rendering showing linker between native
termini and new termini relocated to G-H loop (bottom, right).

Ligand binding assays were performed on the HGL16 permutein for comparison to
wild-type sperm whale myoglobin (Fishburn et al. 2002). Association and dissociation rates
for carbon monoxide (CO) and oxygen (O2) binding displayed single-exponent decay and
were similar to those of the wild-type sw Mb. Ligand binding kinetics data suggested that
the HGL16 permutein has a slightly higher ligand binding affinity compared to wild-type sw
Mb (see Table 1). Based on the similarities in ligand binding kinetics, and 2-D NOESY and
COSY NMR spectra, the structures of the two proteins appear similar.
Table 1: Ligand binding kinetic data for wild-type and HGL16 permutein (from
Fishburn et al., 2002). Samples were analyzed by flash photolysis and stop-flow
methods in 100 mM phosphate buffer (pH 7.0) at 20 ˚C. Numbers in parentheses are
the kinetic constants for wild-type myoglobin reported by Rohlfs et al., 1990).

Parameter
CO kon ∙ 10-6 (M-1s-1)
CO koff (s-1)
KCO ∙ 10-6 (M-1)
O2 kon ∙ 10-6 (M-1s-1)
O2 koff (s-1)
KO2 ∙ 10-6 (M-1)

HGL16
0.63
0.017
37
18
15
1.2
10

wt swMb
0.50 (0.50)
0.021 (0.018)
24 (28)
16 (16)
18 (17)
0.89 (0.9)

Chemical denaturation experiments were performed on the HGL16 permutein and
monitored by both UV-Vis and CD (Fishburn et al., 2002). The HGL16 permutein was
found to have a decreased thermodynamic stability, relative to wild-type myoglobin, of ~5
kcal/mol (see Table 2)
Table 2: Thermodynamic stability parameters for sperm whale wildtype and HGL16 permutein.
Based on urea denaturation
experiments, at 25 ˚C and pH 7.5 ( from Fishburn et al., 2002)
Parameter
HGL16
wt swMb
ΔGºH2O (kcal/mol)
7.2 ± 0.5
12.4 ± 1.6
mg (kcal∙mol-1∙M-1)
-1.65 ± 0.11
-1.83 ± 0.23
Cm (M urea)
4.19 ± 0.05
6.90 ± 0.06

This study shows that the order of the helices in the primary sequence of sw Mb can
be rearranged, yielding a protein with structure and ligand binding affinity that are similar to
wild-type sw Mb. However, there was a significant loss of stability for HGL16 permutein
compared to the wild-type protein.
To further investigate the loss of stability in HGL16 a different circular permutein
was designed with same 16 amino acid linker (GlyGlyGlySer)4, but with the new termini
between the C and D helices (Laura Packer, unpublished results). This permutein was named
DCL16. Ligand binding kinetics of the DCL16 permutein have not yet been characterized.
However, stability (ΔG˚H2O) was reduced by 7 kcal/mol as compared to wild-type sw Mb.
Efforts were also made to investigate variations in linker length and stability. Several
permuteins were engineered with varied linker length and composition. Chemical
denaturation was carried out on these permuteins (see Table 3). All of the investigated
permuteins appeared to be destabilized by approximately 4 to 7 kcal/mol relative to wild-type
sw Mb.
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Table 3: Stability parameters of HGL permuteins
with varied linkers. ΔΔG˚H2O = ΔG˚permutein ΔG˚wtMb
Protein
Linker
ΔΔG˚H2O(kcal/mol)
HGL6
SGGSGG
-6.16 ± 0.77
HGL7
SGGGSGG
-5.41 ± 0.85
HGL8
SGGSGSGG
-4.15 ± 0.56
HGL9
SGGSGGSGG
-4.8 ± 0.9
HGL PP12
(P)12
-7.0 ± 1.5
HGL EAAAS
EAAAS
-5.9 ± 0.6

Most recently computational methods have been employed to design a linker for the
HGL permutein. The computationally designed peptide linker has been modeled as a helix.
Mutations, both hydrophobic and hydrophilic, were introduced to the HGL permutein
framework to support hydrophobic packing of the helix. None of the three computationally
designed permuteins have been successfully expressed in the soluble fraction. Efforts are
currently being made to express one of these permuteins in inclusion bodies.

NMR Dynamics
Nuclear magnetic spectroscopy can be used to study protein dynamics over a wide
range of time scales. Information about dynamic properties in the frequency range of 108 1012 s-1 is provided by T1 relaxation values. Information about dynamic properties in the
frequency range of 103 - 106 s-1 is provided by T2 relaxation values (Peng, 2012). This
information is used to calculate the order parameter (S2). Of interest to biochemists, is the
NH amide bond that can be used as a reporter group for measuring polypeptide chain
dynamics at each residue. Using NMR spectroscopy, protein dynamics may be profiled both
site specifically and globally. Important features of NMR include: (1) it is relatively nondestructive (unstable samples may degrade with time, but an NMR sample may be stable for
many months at room temperature), (2) it is relatively straight forward to produce
12

isotopically enriched proteins (15N/13C), and (3) NMR interrogates the solution state of
proteins.

15

N spin relaxation experiments allow the observation of peptide backbone NH

bond motions, which are affected by local ɸ and φ torsional fluctuations and long range
dynamics.
In the research of Kay et al. (1989), a two dimensional 15N heteronuclear relaxation
study was performed to determine the backbone dynamics of the protein staphylococcal
nuclease (S-Nase) complexed with thymidine 3´,5´-bisphosphate (pdTp) and Ca2+. The
protein has a molecular mass of 18 kDa and a nearly complete assignment of the 15N
backbone peptide had previously been completed. The X-ray crystal structure of this S-Nase
had also been previously reported (Loll & Lattman, 1989). T1, and T2 relaxation data, and
NOEs were obtained, and accurate values of the order parameter S2 for 106 backbone amides
were determined. When the order parameter results were compared to secondary structure,
as determined by X-ray crystallography, the values of order parameters were completely
independent of secondary structure. This information suggests that there was no correlation
between rapid small amplitude 1H-15N bond motions and secondary structure. However, 15N
line width did correlate to secondary structure and provided dynamics information on a
millisecond time scale. These dynamic experiments provided a more comprehensive
understanding of the protein than had been previously gained by static X-ray crystal
structures alone.

Backbone Assignment Experiments
To perform NMR relaxation studies of backbone dynamics, it is first necessary to
have assigned the peaks in the 1H /15N HSQC spectrum. Three dimensional NMR
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experiments (1H, 15N, 13C) are utilized for the assignment of the 1H /15N HSQC spectrum.
This addition of a third dimension (13C in this case) allows for both the resolution of crowded
areas in the 1H /15N HSQC spectrum, and the correlation of sequential bond connectivities
along the peptide backbone. Experiments are traditionally done in pairs to correlate
chemical shifts between residue positions i and i-1 relative to the residue i backbone amide.
The HNCA experiment is used to determine sequential correlations between the 1H /
15

N amide chemical shifts to both the intraresidue 13Cα and the 13Cα of the preceding residue

(Grzesiek & Bax, 1992; Kay et al., 1994) (see Figure 7, left). The HN(CO)CA experiment
is used to determine sequential correlations between the 1H / 15N amide chemical shifts and
the 13Cα of only the preceding residue (Grzesiek & Bax, 1992; Kay et al., 1994) (see Figure
7, right). By observing cross peaks between the HNCA and the HN(CO)CA spectra, it is
possible to determine which resonances belong to the intraresidue 13Cα and the 13Cα of the
preceding residue (see Figure 8).

Figure 7: Representation of correlations for HNCA (left) and HN(CO)CA (right) 3-D NMR experiments.
Magnetization transfer between atoms is shown as arrows. Only atoms shown in red will have
resonances appear in the acquired spectra.
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Figure 8: NMR strip plot for HNCA (left) and HN(CO)CA
(right) spectra, showing intraresidue and preceding residue
Cα. Cross peaks between spectra have been identified with
an arrow.

The HNCACB experiment is used to determine sequential correlations between the
1

H / 15N amide chemical shifts to both the intraresidue 13Cα and 13Cβ and the 13Cα and 13Cβ of

the preceding residue (Wittekind & Mueller, 1993; Muhandiram & Kay, 1994) (see Figure 9,
left). The CBCA(CO)NH experiment is used to determine sequential correlations between
the 1H / 15N amide chemical shifts to both the 13Cα and 13Cβ of the preceding residue
(Muhandiram & Kay, 1994; Grzesiek & Bax, 1993 ) (see Figure 9, right). By observing
cross peaks between the HNCACB and the CBCA(CO)NH spectra, it is possible to
determine which resonances belong to the intraresidue 13Cα and 13Cβ, and the 13Cα and 13Cβ of
the preceding residue (see Figure 10).

15

Figure 9: Representation of correlations for HNCACB (top left) and CBCA(CO)NH (top right) 3-D
NMR experiments. Magnetization transfer between atoms is shown as arrows. Only atoms shown in red
will have resonances appear in the acquired spectra.

Figure 10: NMR strip plot for HNCACB (left) and
CBCA(CO)NH (right) spectra, showing intraresidue and
preceding residue Cα and Cβ. Cross peaks between spectra
have been identified with arrows.

The HNCO experiment is used to determine sequential correlations between the 1H /
15

N amide chemical shifts to the 13CCO of the preceding residue (Grzesiek & Bax, 1992; Kay

et al., 1994) (see Figure 11, left). The HN(CA)CO experiment is used to determine
sequential correlations between the 1H / 15N amide chemical shifts to both the intraresidue
13

CCO and the 13CCO of the preceding residue (Clubb et. al., 1992; Kay et al., 1994) (see

Figure 11, right). By observing cross peaks between the HNCO and the HN(CA)CO spectra,
it is possible to determine which resonances belong to the intraresidue 13CO and the 13CO of
the preceding residue (see Figure 12).
16

Figure 11: Representation of correlations for HNCO (left) and HN(CA)CO (right) 3-D NMR
experiments. Magnetization transfer between atoms is shown as arrows. Only atoms shown in red will
have resonances appear in the acquired spectra.

Figure 12: NMR strip plot for HNCA (left) and HN(CO)CA
(right) spectra, showing intraresidue and preceding residue
CO. Cross peaks between spectra have been identified with
an arrow.
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Results and Discussion

Protein Expression and Purification
Expression, purification, and reconstitution of the wild-type sperm whale myoglobin
and the HGL16 proteins was first attempted in rich medium before proceeding to minimal
medium for isotopic labeling. The first step in protein purification was the preparation of
inclusion bodies from the cell lysate. Although the goal was to express protein into nonsoluble inclusion bodies, some soluble expression appeared to occur with the wild-type
myoglobin as the supernatant appeared slightly red, following the clarification of cell lysate
by centrifugation. The supernatant from the HGL16 preparation did not have any red color.
This difference is likely due to the relative stabilities of each protein, but further investigation
was not pursued as the goal was for insoluble expression at higher levels than had been
achieved previously for soluble expression of HGL16.

The next step in the purification process was preparative reverse phase high
performance liquid chromatography (HPLC). The inclusion body pellet was solubilized by
sonication in 10 mM dithiothreitol, 0.1% trifluoroacetic acid, then applied to a C4 reversephase preparative column. The wild-type myoglobin and HGL16 have similar elution profiles
(Figure 10). There were four well resolved peaks. SDS-PAGE was performed on collected
fractions corresponding to peaks as monitored by absorbance at 280 nm (Figure 11). This
verified that the largest peak in each chromatogram corresponded to the fraction containing
the desired protein. The wild-type myoglobin eluted at 40.53 min and the HGL16 eluted at
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42.95 min. Lyophilized protein corresponding to peak 4 from the HPLC chromatogram was
used in the holoprotein reconstitution step.

Figure 13: Chromatograms showing A280 of the eluate from a C4 reverse phase preparative HPLC
column. The samples are from (A) wtMb inclusion body preparation and (B) HGL16 inclusion body
preparation. Each chromatogram shows four well-resolved peaks.

Lane 1 – HGL16 Peak #1 (15.85 min)
Lane 2 – HGL16 Peak #2 (21.45 min)
Lane 3 – HGL16 Peak #3 (39.33 min)
Lane 4 – HGL16 Peak #4 (42.95 min)
Lane 5 – HGL16 protein (holo protein previously
purified & characterized used as control)
Lane 6 – wtMb Peak #4 (40.53 min)
Lane 7 – wtMb Peak #3 (36.73 min)
Lane 8 – wtMb Peak #2 (20.96 min)
Lane 9 – wtMb Peak #1 (15.53 min)

Figure 14: 15% SDS PAGE of reverse phase HPLC from HGL16 and wtMb from
solubilized inclusion bodies.

Purified protein yields were significantly increased for reconstituted wild-type sw Mb
and HGL16 permutein compared to soluble expression. Using rich medium, yields greater
than 40 mg/L were achieved for both reconstituted wild-type sw Mb and HGL16 permutein.
In previous laboratory efforts to purify wild-type sw Mb and HGL16 permutein from solubly
expressed protein, the typical protein yield for a rich medium wild-type sw Mb was 7.8 mg/L
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and 2.4 mg/L for HGL16. Using minimal medium, yields of 17.2 mg/L and 18.4 mg/L were
achieved for reconstituted wild-type sw Mb and HGL16 respectively.
Table 4: Comparison of purified protein yields. Rich medium cultures were grown
12 hours post induction. Minimal medium cultures were grown 14 hours post
induction. Protein yield based on reconstituted protein.

Protein
wtMb
wtMb
wtMb
HGL16
HGL16
HGL16
wtMb
wtMb
wtMb
wtMb
wtMb
HGL16
HGL16
HGL16

Growth Medium
Type
Rich
Rich
Rich
Rich
Rich
Rich
Minimal
Minimal
Minimal
Minimal
Minimal
Minimal
Minimal
Minimal

Cell
Pellet
mass (g)
6.87
6.48
7.05
7.49
7.16
6.80
3.85
3.63
3.70
3.90
3.82
3.72
3.65
3.60

Inclusion
Body pellet
mass (g)
1.12
1.19
0.98
1.16
1.22
1.30
0.48
0.42
0.51
0.47
0.46
0.51
0.44
0.50

Purified
protein yield
(mg/L)
42.1
41.6
40.1
40.3
44.8
38.4
14.3
5.6
13.6
16.2
17.2
7.5
18.4
16.4

Table 5: Rich and minimal medium purified protein yields of wild-type myoglobin and HGL16
circular permutein.

wt Mb
HGL16

Avg. Rich Medium Protein
Yields
41.15 mg / Liter (3 growths)
40.48 mg / Liter (3 growths)

Avg. Minimal Medium Protein
Yields
13.38 mg / Liter (5 growths)
14.1 mg / Liter (3 growth)

Protein Characterization

Electrospray mass spectrometry (ESI-MS) is an analytical technique that is used to
determine the molecular mass of protein molecules. The protein is first introduced to
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electrospray ionization where positive charges are acquired. This process occurs by means of
a fine spray of charged droplets, as the solvent evaporated, ions are ejected into gas phase.
The ions then travel through a magnetic field, which affects their movement based on the
mass-to-charge ratio (m/z), before reaching a detector. The number of charges depends on
the accessibility of basic residues for proton attachment.
Electrospray mass spectrometry verified the expected masses for both wild-type
sperm whale myoglobin and the HGL16 permutein (see Figure 12). Two species were
detected in the HPLC-purified samples of HGL16, one with mass 18236.0 g/mol, and the
other with a mass at 18370.0 g/mol. The difference of the second value from the calculated
mass of HGL16 is 131.43 g/mol, which likely corresponds to material that still possesses and
N-terminal fMet. This fMet is typically cleaved from soluble proteins by the E. coli
methionyl aminopeptidase, when the fMet is followed by Ala or Gly (as is the case for
HGL16). We speculate that ~50% of the permuted apoglobin was processed by this
peptidase and the remaining 50% was protected from proteolysis by deposition in inclusion
bodies. Note that for the wild-type swMb, the fMet is not removed as the following amino
acid is bulky; thus, there is only one protein species in the wild-type sperm whale myoglobin
inclusion bodies.
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Figure 15 : Mass spectra and mass graph results of reverse phase HPLC purified rich medium insoluble
expressed wild-type swMb (A), and HGL16 (B)

Electrospray mass spectrometry was used to verify uniform 15N labeling from
minimal medium growths in preparation for 15N HSQC experiments. Again, two species
were detected in HGL16 permutein with a difference of 133 g/mol (Figure 13). Wild-type
sperm whale myoglobin has 217 nitrogens available for labeling, which at 100% labeling
would increase the mass by 217 mass units. The 15N wild-type sperm whale myoglobin had
an increased mass of 201 mass units, which corresponds to 93% labeling. The smaller mass
species in 15N HGL16 had an increased mass of 224 mass units. There are 233 nitrogens
available for labeling in HGL16, indicating 96% 15N labeling for this preparation. Based on
rich growth observations for HGL16, this species likely has had the fMet cleaved off by E.
coli methionyl aminopeptidase. The greater mass species likely has increased mass from the
formyl methionine, which includes one additional nitrogen available for labeling. The larger
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mass species in 15N HGL16 had an increased mass of 228 mass units. There are 234
nitrogens available for labeling in HGL16, indicating 97% 15N labeling for this preparation.

Figure 16: Mass spectra and mass graph results of reverse phase HPLC purified 15N minimal medium
insoluble expressed wild-type sw Mb (A) and HGL16 (B)

Table 6: ESI-MS molecular masses for wild-type sperm whale myoglobin and HGL16 permutein from
rich medium and 15N minimal medium growths. Experimental masses calculated with Bayesian protein
reconstruct tool.
Protein

wtMb
HGL16 (- fMet)
HGL16 (+ fMet)
15
N wtMb
15
N HGL16 (fMet)
15
N HGL16 (+
fMet)

Calculated Molecular mass (amu)

ESI-MS molecular mass (amu)

17,333.07
18,234.82
18364
17,550.07 (for 100% labeling)

17,334
18,236
18,370
17,535 (93% labeling)

18,471.8 (for 100% labeling)

18459 (96% labeling)

18,597 (for 100% labeling)

18592 (97% labeling)
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UV-Vis spectroscopy was utilized to verify that the conversion to the cyanomet
isoform occurred during reconstitution and to calculate reconstituted protein concentrations.
Additionally, spectra were compared between protein obtained from soluble expression and
reconstituted material to investigate if any perturbation of the heme pocket structure
occurred. The UV-Vis spectrum for sw Mb has been well characterized (Antonini &
Brunori, 1971: Hanania et al.,1966). When the ferric myoglobin heme is bound to cyanide,
the Soret band shifts from ~410 to 423 nm. There is also a change in the visible spectrum
with the α- and β- bands, which coalesce to a single band at 540 nm.
The UV-Vis spectra of the reconstituted cyanomet globins have very similar profiles
to those of globins expressed in the soluble fraction. Comparison of the four spectra shows
very similar λmax = ~423 nm, with an additional peak in the visible range at 540 nm.

Figure 17: UV-Vis spectra of reconstituted cyanomet wtMb (black), reconstituted cyanomet
HGL16 (orange), solubly expressed cyanomet wtMb (green), solubly expressed cyanomet HGL16
(magenta), in 20mM potassium phosphate, pH 7.5. Data normalized for comparison.

Paramagnetic proton chemical shifts for the cyanomet myoglobin heme pocket residues
have been previously reported (La Mar et al., 1990). The initial characterizations of
cyanomet-HGL16 included identification and comparison of the hyperfine-shifted resonances

24

to those from wild-type cyanomet-myoglobin (Fishburn et al., 2002). The reconstitution of
globins involves refolding the protein around heme dicyanide, as opposed to the heme
incorporation that occurs when soluble protein is expressed in the cell, followed by chemical
conversion to the cyanomet isoform. Proton hyperfine shift comparisons of heme pocket
residues of solubly expressed and reconstituted protein indicate that the heme pocket
conformation has not been disrupted by reconstitution (see Figure 15). There were no
significant chemical shift differences between the reconstituted and soluble expressed protein
(see Table 7).

Figure 18: One dimensional proton (1H) NMR hyperfine-shifted resonances for spectra of wild-type
sperm whale myoglobin (A) reconstituted from inclusion bodies, concentration of 528 μM. Peak
assignments are taken from Fishburn et al. (2002). (B) sw Mb obtained from soluble expression,
concentration of 213.3 μM. (C) HGL16 reconstituted from inclusion bodies concentration of 540 μM.
(D) HGL16 from soluble expression concentration of 184.4 μM. Obtained on a Varian 500 MHz
spectrometer, 30 ˚C, 10% v/v D2O/H2O, 20 mM potassium phosphate at pH 7.5
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Table 7: One dimensional proton NMR chemical shifts (ppm) for hyperfine-shifted
resonance assignments. Chemical shifts are shown for both solubly expressed and
reconstituted cyanomet wtMb and HGL16. Peak assignments from Fishburn et
al.,2002.
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Assigned Peaks

wtMb
peaks
soluble
(ppm)

wtMb
peaks
recon.
(ppm)

wtMb
Difference
between
soluble and
recon.
(ppm)

HGL16
peaks
soluble
(ppm)

HGL16
peaks
recon.
(ppm)

HGL16
Difference
between
soluble and
recon. (ppm)

5CH3

27.25

27.28

0.03

27.33

27.33

0.00

F8-NdH

21.13

21.16

0.03

21.15

21.18

0.03

1CH3

18.64

18.65

0.01

18.38

18.38

0.00

2Ha

17.73

17.76

0.02

17.84

17.91

0.07

F8-NpH

13.79

13.81

0.03

13.70

13.72

0.02

8CH3

12.80

12.82

0.02

12.77

12.78

0.01

FG5-CgH3

-3.62

-3.62

0.00

-3.40

-3.40

0.00

FG5-CdH3

-4.01

-4.01

0.00

-3.80

-3.80

0.00

N HSQC Assignment
Sequence specific 1H/15N backbone resonance assignments have been made for 145

of the 154 amino acids in cyanomet isoform wild-type sw Mb (see Figure 16 and Table 8).
Of the nine unassigned residues, four are prolines (38, 89, 101, 121) and therefore will not
have an amide backbone resonance. Additional amino acids with unassigned backbone
resonances were: Met1, Arg46, Glu53, Glu60, and His94. Therefore 97% of assignable
backbone resonances were identified.
Sequence specific 1H/15N backbone resonance assignments have been made for 140
(84%) of the 169 amino acids in cyanomet HGL16 (see Figure 17 and Table 9). HGL16 has
four prolines (87, 138, 150, 170). Additional unassigned non-linker amino acids were: Met1,
Gly2, Asp3, Ala6, Arg 20, Gln33, Gly34, Glu102, Glu109, and His143. Although the difference in
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percentage of residues assigned may seem significant between the HGL16 and wtMb,
consideration should be given to the (GlyGlyGlySer)4 linker used to connect the native
termini in HGL16. This linker was rationally designed to be flexible. It is likely that the
linker is unstructured, dynamic, and solvated. The chemical shift environments for many of
the linker nuclei are likely to be similar and therefore not well resolved; thus, none of the
linker residues have been assigned. Excluding the sixteen residues in the linker 91% of the
residues have been assigned.
There were two resonance assignments that will require further investigation based on
comparison of wild-type sw Mb and HGL16 NHSQC assignments: wild-type residues Leu3
and Phe47 and HGL16 residues Leu3 and Phe47. It is not yet clear which set of resonances has
been incorrectly assigned, or if the assignments are incorrect since both assignments were
well correlated in their respective 3-D data sets.
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Figure 19: 15N-HSQC for 1.36 mM cyanomet-wt sw Mb, obtained on a Bruker 600 MHz
spectrometer, in 20 mM potassium phosphate, pH 7.0, 25 ˚C
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Figure 20: 15N-HSQC of 1.5 mM cyanomet-HGL16, obtained on a Bruker 600 MHz
spectrometer, in 20 mM potassium phosphate, pH 7.0, 25 ˚C
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Table 8: 15N and 1H Resonance Assignment for cyanomet isoform wt sw Mb.
Res.
Res. # Name
2
Val
3
Leu
4
Ser
5
Glu
6
Gly
7
Glu
8
Trp
9
Gln
10
Leu
11
Val
12
Leu
13
His
14
Val
15
Trp
16
Ala
17
Lys
18
Val
19
Glu
20
Ala
21
Asp
22
Val
23
Ala
24
Gly
25
His
26
Gly
27
Gln
28
Asp
29
Ile
30
Leu
31
Ile
32
Arg
33
Leu
34
Phe
35
Lys
36
Ser
37
His
39
Glu
40
Thr
41
Leu
42
Glu
43
Lys
44
Phe
45
Asp
47
Phe
48
Lys
49
His
50
Leu
51
Lys
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N -1 H 1 H -15 N
Res. 15 N -1 H 1 H -15 N
Res. 15 N -1 H 1 H -15 N
δ (ppm) δ (ppm) Res. # Name δ (ppm) δ (ppm) Res. # Name δ (ppm) δ (ppm)
114.383 9.105
52
Thr 107.595 7.792
105
Leu 118.365 6.564
112.438 7.402
54
Ala 120.479 8.584
106
Glu 123.840 7.393
117.831 9.173
55
Glu 118.304 7.933
107
Phe 118.344 7.143
121.438 9.156
56
Met 118.707 8.412
108
Ile
118.443 7.762
106.488 8.680
57
Lys 119.081 8.887
109
Ser 120.348 7.213
123.030 7.800
58
Ala 117.703 7.383
110
Glu 120.508 7.684
119.100 8.528
59
Ser 111.373 7.167
111
Ala 122.786 7.752
117.020 8.454
61
Asp 119.658 8.693
112
Ile
118.149 8.383
120.169 7.561
62
Leu 124.201 8.740
113
Ile
118.259 7.796
121.062 7.912
63
Lys 120.500 7.697
114
His 118.129 8.426
117.996 8.661
64
Lys 118.408 8.381
115
Val 120.545 8.486
122.541 8.511
65
His 121.092 8.456
116
Leu 120.833 8.419
118.166 7.754
66
Gly 106.986 9.215
117
His 116.886 8.192
122.227 8.942
67
Val 119.680 7.432
118
Ser 112.242 7.925
118.528 7.512
68
Thr 122.625 7.271
119
Arg 116.865 8.177
116.159 7.097
69
Val 120.083 6.596
120
His 115.739 7.557
121.575 6.605
70
Leu 115.825 7.293
122
Gly 106.592 8.593
114.249 7.346
71
Thr 117.050 7.700
123
Asp 118.138 7.600
119.949 6.838
72
Ala 123.342 5.939
124
Phe 123.806 8.184
115.944 7.566
73
Leu 117.105 7.009
125
Gly 109.256 7.942
130.002 8.729
74
Gly 107.201 8.288
126
Ala 121.030 8.535
121.850 8.593
75
Ala 121.017 7.024
127
Asp 117.592 8.566
106.088 8.123
76
Ile
116.394 6.831
128
Ala 126.787 8.278
117.066 7.777
77
Leu 121.825 8.296
129
Gln 118.503 8.545
108.357 8.963
78
Lys 113.237 7.690
131
Ala 124.506 7.723
120.532 8.300
79
Lys 114.715 7.199
132
Met 116.707 8.479
117.672 8.027
80
Lys 120.364 7.872
133
Asn 117.492 8.630
121.173 8.927
81
Gly 106.052 9.254
134
Lys 120.144 7.858
120.644 8.779
82
His 123.708 7.303
135
Ala 122.995 8.318
117.088 8.950
83
His 114.340 6.880
136
Leu 116.151 8.309
118.865 8.261
84
Glu 124.087 8.724
137
Glu 123.261 8.340
123.579 8.801
85
Ala 118.631 8.701
138
Leu 122.358 8.244
117.084 8.929
86
Glu 118.494 8.606
139
Phe 118.646 7.757
117.257 8.979
87
Leu 119.024 8.968
140
Arg 116.756 8.285
113.888 8.422
88
Lys 119.057 8.322
141
Lys 122.197 8.756
117.622 8.232
90
Leu 122.365 8.104
142
Asp 122.451 8.614
121.399 10.784
91
Ala 124.085 10.679 143
Ile
123.279 8.586
113.291 8.565
92
Gln 116.425 9.712
144
Ala 123.480 8.364
123.524 7.335
93
Ser 118.665 11.080 145
Ala 121.181 7.900
112.800 7.027
95
Ala 122.466 10.267 146
Lys 119.848 7.934
112.973 7.144
96
Thr 103.970 8.152
147
Tyr 121.873 9.654
118.735 8.169
97
Lys 122.924 8.109
148
Lys 118.298 7.947
126.787 8.494
98
His 116.335 8.059
149
Glu 121.516 7.929
127.589 8.491
99
Lys 112.011 6.276
150
Leu 117.699 8.123
116.875 7.920
100
Ile
119.071 7.410
151
Gly 107.769 8.031
117.587 8.579
102
Ile
123.400 8.790
152
Tyr 121.808 8.268
124.836 7.839
103
Lys 118.868 8.262
153
Gln 125.815 8.316
119.337 8.458
104
Tyr 114.519 6.457
154
Gly 112.635 6.257
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Table 9: 15N and 1H Resonance Assignment for cyanomet isoform HGL16
Res.
Res. # Name
4
Phe
5
Gly
7
Asp
8
Ala
9
Gln
10
Gly
11
Ala
12
Met
13
Asn
14
Lys
15
Ala
16
Leu
17
Glu
18
Leu
19
Phe
21
Lys
22
Asp
23
Ile
24
Ala
25
Ala
26
Lys
27
Tyr
28
Lys
29
Glu
30
Leu
31
Gly
32
Tyr
51
Val
52
Leu
53
Ser
54
Glu
55
Gly
56
Glu
57
Trp
58
Gln
59
Leu
60
Val
61
Leu
62
His
63
Val
64
Trp
65
Ala
66
Lys
67
Val
68
Glu
69
Ala
70
Asp
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N -1 H 1 H -15 N
Res. 15 N -1 H 1 H -15 N
Res. 15 N -1 H 1 H -15 N
δ (ppm) δ (ppm) Res. # Name δ (ppm) δ (ppm) Res. # Name δ (ppm) δ (ppm)
123.525 8.930
71
Val 129.241 8.402
121
Ala 123.472 5.986
109.732 8.111
72
Ala 122.685 8.548
122
Leu 117.220 7.010
116.826 8.271
73
Gly 106.100 8.138
123
Gly 107.395 8.297
126.914 8.268
74
His 117.086 7.770
124
Ala 121.108 7.040
118.452 8.426
75
Gly 108.141 8.956
125
Ile
116.344 6.808
107.149 8.039
76
Gln 120.572 8.353
126
Leu 121.873 8.296
124.937 7.809
77
Asp 117.665 7.988
127
Lys 113.322 7.704
116.757 8.478
78
Ile
121.430 8.925
128
Lys 114.700 7.204
117.591 8.446
79
Leu 120.656 8.687
129
Lys 120.314 7.894
119.765 7.903
80
Ile
117.061 8.883
130
Gly 106.162 9.229
124.097 8.441
81
Arg 118.799 8.288
131
His 123.765 7.273
116.604 8.288
82
Leu 123.372 8.780
132
His 114.177 6.888
122.314 8.325
83
Phe 117.009 8.871
133
Glu 124.146 8.715
122.465 7.947
84
Lys 117.176 8.927
134
Ala 118.476 8.690
118.651 7.785
85
Ser 114.075 8.434
135
Glu 118.417 8.575
122.285 8.629
86
His 117.679 8.188
136
Leu 118.874 8.946
122.157 8.620
88
Glu 120.939 10.614
137
Lys 118.880 8.301
123.243 8.672
89
Thr 113.196 8.565
139
Leu 122.256 8.030
124.234 8.385
90
Leu 123.634 7.256
140
Ala 123.969 10.646
121.292 7.924
91
Glu 112.751 7.000
141
Gln 116.597 9.692
119.480 7.927
92
Lys 112.743 7.130
142
Ser 118.436 11.036
122.268 9.462
93
Phe 118.820 8.144
144
Ala 122.388 10.372
118.499 7.979
94
Asp 126.863 8.500
145
Thr 103.998 8.095
121.577 8.003
95
Arg 114.450 9.112
146
Lys 123.189 8.067
117.510 8.079
96
Phe 112.333 7.411
147
His 116.299 8.235
107.013 7.992
97
Lys 116.877 7.916
148
Lys 111.460 6.387
121.446 8.226
98
His 117.760 8.571
149
Ile
119.080 7.702
117.129 7.735
99
Leu 124.861 7.830
151
Ile
122.502 8.136
127.169 8.240
100
Lys 119.372 8.456
152
Lys 119.276 7.986
118.070 9.093
101
Thr 107.563 7.777
153
Tyr 114.216 6.521
121.506 9.139
103
Ala 120.456 8.576
154
Leu 117.994 6.636
106.393 8.679
104
Glu 118.359 7.925
155
Glu 123.233 7.165
123.012 7.785
105
Met 118.598 8.402
156
Phe 118.006 6.852
119.393 8.536
106
Lys 119.055 8.880
157
Ile
118.109 7.592
116.922 8.371
107
Ala 117.731 7.378
158
Ser 120.262 7.137
119.902 7.524
108
Ser 111.462 7.172
159
Glu 120.296 7.641
120.412 7.923
110
Asp 119.700 8.696
160
Ala 122.653 7.721
117.926 8.622
111
Leu 124.146 8.739
161
Ile
117.857 8.375
122.589 8.424
112
Lys 120.425 7.694
162
Ile
118.114 7.750
118.911 7.895
113
Lys 118.419 8.396
163
His 118.465 8.478
121.916 8.957
114
His 121.106 8.513
164
Val 120.587 8.486
118.855 7.579
115
Gly 107.120 9.248
165
Leu 120.856 8.462
116.706 7.108
116
Val 119.815 7.486
166
His 116.674 8.302
122.105 6.816
117
Thr 122.810 7.349
167
Ser 113.349 7.964
114.586 7.527
118
Val 120.219 6.729
168
Arg 118.166 8.047
120.151 6.929
119
Leu 115.913 7.322
169
His 118.285 7.538
116.392 7.538
120
Thr 116.984 7.725

31

TALOS+ Secondary Structure Prediction
TALOS + (Torsion Angle Likeliness Obtained from Shift and Sequence Similarity) is a
computer program that utilizes protein 13C /15N /1H NMR chemical shifts and sequence
information to predict secondary structure (Shen et al. 2009). The program evaluates amino
acid sequence and chemical shift similarity for a string of three amino acids (triplet) relative
to similar triplets in a 200-protein database. Proteins within the database have structures
solved by both solution state NMR and X-ray crystallography. The program establishes an
empirical relationship between backbone torsion angles ɸ and ψ and chemical shifts. It has
been observed that 15N have an average downfield shift of 1.0 ± 4.3 ppm in β-sheets and an
average upfield shift of -2.4 ± 3.1 ppm in α-helices (Shen and Bax, 2007).
Results from analysis may be viewed as a bar graph, where the x-axis is the sequential
residue number and the y-axis has a positive or negative value which is determined by
subtracting the standard chemical shift for an amino acid in an unstructured peptide from the
observed chemical shift. Thus, positive values predict β-strand secondary structure, and
negative values are for predict of α-helix secondary structure.
Wild-type sw Mb has a helical structure consisting of eight α-helices. By convention the
α-helices have been assigned letters and span the following residues in the primary sequence:
A (residues 3-18), B (residues 20-35), C (residues 36-42), D (residues 50-56), E (residues 5775), F (residues 85-93), G (residues 99-117), H (residues 124-147). The TALOS+ secondary
structure prediction results for the assignment agrees with the known structure of wild-type
sw Mb. There were no regions of the assignment predicted to have β-strand secondary
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structure. There were eight predicted α-helical secondary structure regions, which agrees
well with the known residues of the helical regions in myoglobin (see Figure 18).

Figure 21: TALOS+ secondary structure prediction for wt sw Mb based on chemical shift data from
assigned backbone resonances. Predicted helical regions are shown as red vertical lines, with negative
values. The expected locations for helices A-H are indicated at the top of the plot.

As previously discussed, HGL16 permutein should contain the same secondary
structural elements as wild-type sperm whale myoglobin in a new sequential arrangement.
The termini of HGL16 permutein were generated between the G and H helices, specifically
between residues Pro121 and Gly122. In HGL16, Gly122 has been repositioned to Gly2, and the
H helix moved from the position of the C-terminal helix in the sequence of sw Mb to the Nterminal helix in the permutein. Due to the rearrangement of the termini and the addition of a
linker, the primary sequence location of the eight α-helices in HGL16 permutein is as
follows: H (residues 4-27), A (residues 52-67), B (residues 69-84), C (residues 85-91), D
(residues 99-105), E (residues 106-124), F (residues 134-142), G (residues 148-166).
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TALOS+ secondary structure prediction results for the assignment agrees with the
expected circularly permuted structure of HGL16. There were no regions of the assignment
predicted to have β-strand secondary structure. There were eight predicted α-helical
secondary structure regions, which agrees well with the known residues of the helical regions
in myoglobin (see Figure 19). In the middle of the sequence region for helix H there is an
unassigned residue, Arg20. TALOS+ made no structural prediction, and therefore this stretch
appears as two separated helical regions, which is not likely the case.

Figure 22: TALOS+ secondary structure prediction for HGL16 based on chemical shift data
from assigned backbone resonances. The expected locations for helices H-G are indicated at the
top of the plot.

15

N HSQC Chemical Shift Comparison
With assignments of the NHSQC spectra in hand, it is possible to interpret differences

and similarities in chemical shifts the HGL16 and sw Mb spectra (see Figure 20). Assigned
residues with chemical shift differences greater than 0.3 ppm in either dimension (1H / 15N)
were classified as significant (see Table 10).
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The A, G, and H helices appear to have the greatest number of residues with
significant chemical shift differences (see Figure 21). These helices are also directly involved
in the covalent changes that a made in the permutein. The 16 amino acid linker was added
between H and A, and the new termini were introduced between the G and H helices.
Interestingly, helices D, E, and F had no significant chemical shift differences. Based on
sequential arrangements, these three helices are likely to be more insulated from the effects
of circular permutation.

Figure 23: Overlaid 15N HSQC spectra of wt sw Mb (black) and HGL16 permutein (red).
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Table 10: NHSQC chemical shift differences between wtMb
and HGL16 assigned residues.
Helix
# significant
Total
% residues
chemical shift
residues in
shifted
differences
helix
A
6
16
37.5%
B
3
16
18.8%
C
1
7
14.3%
D
0
7
0
E
0
19
0
F
0
9
0
G
11
19
57.9%
H
11
24
45.8%

Figure 24: Cartoon backbone representation of sw Mb. Residues shown in red have chemical shift
differences > 0.3 ppm in one or both dimension. Leu3 and Phe47 are shown in green and require further
investigation as they may be incorrectly assigned for one of the NHSQC spectra.

The observed significant chemical shift differences between the NHSQC spectra of
wild-type sw Mb and HGL16 indicate that circular permutation has perturbed the protein
backbone. These perturbations are generally localized to the A, G, and H helices, which are
closest to the new covalent connections in the permutein. With nearly complete NHSQC
assignments for both wild-type sw Mb and HGL16, we may now conduct NMR backbone
dynamics experiments. Information from these future investigations will enhance our
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understanding of the increased instability observed in HGL16. Rational design of any regions
of permuted Mb that show increased dynamics could then be employed to introduce
stabilizing amino acid mutations that might counter the destabilizing effects of circular
permutation. We also plan to complete the assignment of amino acid side chain resonances
in order to solve the solution structure for HGL16.
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Materials and Methods

Protein Expression in Rich Medium
Recombinant proteins were expressed in a 1 L shake flask cultures at 37˚ C, at 200 rpm, in a
Lab Line incubator-shaker. BL21 (DE3) E. coli strains containing wild type sperm whale myoglobin
(sw Mb) and circularly permuted (HLG16) genes in pET-17b plasmids were grown in1 liter of LuriaBertani broth (LB) with 50 μg/ml ampicillin until OD600 = ~0.9, and then induced with 0.1 mM

isopropylthiogalactoside (IPTG). Cultures were incubated at 37 ˚C for 14 hours post-induction
and then harvested by centrifugation, at 5,000 x g for 12 minutes. The supernatant was discarded,
and the cell pellet was stored at -80˚ C.

Protein Expression in Minimal Medium
E. coli strains containing wild-type sw Mb and HLG16 genes in pET-17b plasmids were
initially grown in LB to promote high cell density, then transferred to minimal medium for protein
expression and uniform isotopic labeling. Each 1 L LB shake flask culture was grown at 37˚C and
200 rpm, to OD600 = ~0.7, in a Lab Line incubator-shaker. The cells were then pelleted by
centrifugation, at 5,000 x g for 20 minutes. Cell pellets were then resuspended for washing in 200
mL of aqueous buffer containing 1x M9 salts (1.36g Na2HPO4, 0.6g KH2PO4, 0.1g NaCl, pH=7.4),
0.4 mL 1 M MgCl2, 0.2 1 M CaCl2. Cells were again pelleted by centrifugation at 5000 x g for 20
minutes and then transferred to 0.5 L minimal medium (see table 11 and 12 ), containing Spectra
brand, >99% 15N atom – 15NH4Cl, >98% 13C atom - 13C6-D-Glucose, as labeled nutrient sources.
Cells were allowed to incubate at 37 ˚C with shaking at 200 rpm in minimal medium for 1 hour prior
to induction with 0.1mM IPTG. Cultures were incubated at 37 ˚C for 14 hours post induction and
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then harvested by centrifugation, at 5,000 x g for 12 minutes. The supernatant was discarded, and
the cell pellet was stored at -80˚ C.
Table 11: Minimal Medium Components
M9 salts (5x)

20% (w/v) Glucose
BME Vitamin Solution
Metal Solution

20% (w/v) NH4Cl
1 M CaCl2
1 M MgCl2
10% Ampicillin

33.9 g Na2HPO4
15.0 g KH2PO4
2.5 g NaCl
Add ddH2O to 1L final volume, then autoclave.
20 g glucose
Add ddH2O to 100 mL final volume, then sterile filter solution.
Sigma B6891 BME Solutions (100x)
0.6 g FeSO4•7H2O
0.12 g MnCl2•4H2O
0.08 g CaCl2•6H2O
Add ddH2O to 100 mL final volume, then sterile filter solution.
2g NH4Cl
Add ddH2O to 10 mL final volume, then sterile filter solution.
14.7 g CaCl2•6H2O
Add ddH2O to 100 mL final volume, then sterile filter solution.
20.3 g MgCl2•6H2O
Add ddH2O to 100 mL final volume, then sterile filter solution.
1.0 g Ampicillin solution.
Add ddH2O to 10 mL final volume, then sterile filter

Table 12: Minimal Medium Component Volumes
Solution

Volume added per 500 mL final volume

20 % Glucose
BME Vitamin Solution
Metal Solution
20% NH4Cl
10% Ampicillin

12.5 mL
5 mL
5 mL
2.5 mL
0.5 mL

Purification of Inclusion Bodies
All steps were performed on ice. Cells from 1 liter growths were rapidly thawed and
resuspended in 35 mL of Buffer A (50mM Tris-HCl, 1mM EDTA, pH 7.5 ) with the addition of 49μL
beta-mercaptoethanol. Once cells were resuspended, 10 mg Lysozyme per 1 gram of cells were
added to the suspension, immediately followed by the addition of one cOmplete Protease Inhibitor
Cocktail tablet (Roche Applied Sciences) dissolved in 2 mL ddH2O. The solution was then stirred on
ice for 30 minutes, followed by the addition of MgCl2 to a final concentration of 5 mM, and the
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addition of 300 μL of 1mg/mL DNase. The cell suspension was again stirred on ice for 30 minutes.
The lysate was then centrifuged at 30,000 x g for 15 minutes. The supernatant was discarded and the
pellet was resuspended in 35mL of Buffer A. The suspension was sonicated on ice for 3 minutes, in 1
min. increments with 1 min. intervals between each round, with a Branson Instruments, Inc. Sonifier
(model 450) equipped with a 1.8 cm diameter horn using a 50% duty cycle and a power output level
of 3.5. The suspension was then centrifuged at 30,000 x g for 15 minutes. The supernatant was
discarded and the pellet was resuspended in 35mL of Buffer A, and again sonicated for 3 minutes, in
1 min. increments with 1 min. intervals between each round, 50% duty cycle and a power output level
of 3.5. The suspension was then centrifuged at 30,000 x g for 15 minutes. The supernatant was
discarded and the pellet was resuspended in 35 ml of Buffer A and 2.1 g of urea. This suspension
was allowed to incubate for 30 minutes, followed by centrifugation at 30,000 x g for 15 minutes. The
supernatant was discarded and the pellet was retained, and then stored at -80˚C.
The pellet was resuspended in 30 mL of Buffer B (10 mM dithiothreitol, 0.1% trifluoroacetic
acid) and sonicated on ice for 5 minutes, in 1 min. increments with 1 min. intervals between each
round, 50% duty cycle and a power output level of 5. The suspension was centrifuged at 30,000 x g
for 15 minutes. The supernatant was saved and acetonitrile added to 10% (w/v). The suspension was
then filtered through a 0.45μm syringe cassette filter (Millipore Durapore), with a glass prefilter.
The filtered solution was applied to a preparative, 22 x 250 mm, PROTO 300 (Higgins
Analytical) C4 reverse phase high performance liquid chromatography column at a flow rate of
1mL/min. The initial mobile phase was 10% MeCN/H2O. All mobile phase buffers contained 0.1%
TFA. The sample was eluted at a flow rate of 10mL/min., with a gradient of to 70% MeCN/H2O over
30 minutes. The absorbance at 280 nm was monitored and fractions corresponding to peaks at this
absorbance were collected. Collected fractions were lyophilized to remove solvent, and then stored at
-80˚C.
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Protein Reconstitution
All steps of protein reconstitution were carried out at 4˚C. Reconstitution was carried out in a
50mL Falcon tube, with a stir bar used for mixing. Lyophilized protein was solubilized with 2 mL of
sodium acetate buffer (10mM, pH6.0) containing 6M urea. A heme dicyanide solution was prepared
to provide a 1.2 molar heme excess over apomyoglobin. Hemin (98% +, Alfa Aesar), was dissolved
in 10 mL of 10 mM sodium hydroxide solution. 1 mL of heme sodium hydroxide solution was then
added to 25ml of potassium phosphate buffer (50 mM, pH 8.0) containing 100 mM KCN, and
allowed to mix for 20 minutes. A rapid 10-fold dilution was carried out by the addition of sodium
acetate buffer (10mM, pH6.0), followed by the immediate addition of the heme dicyanide solution.
This solution was allowed to stir for ~ 40 min. The reconstituted holoprotein was then exchanged
into potassium phosphate buffer (50 mM, pH 8.0), and concentrated using an Amicon Ultracel 10K
filter concentrator, which removed excess cyanide and heme.
Concentrated holoprotein samples were then applied to an Amersham Pharmacia Biotech
Superdex 75 10/300 size exclusion column, equilibrated in 20 mM potassium phosphate buffer, pH
7.5, with a flow rate of 1mL / min. Mobile phase was potassium phosphate buffer (20 mM, pH 7.5).
The absorbance at 423 nm was monitored and fractions corresponding to peaks at this absorbance
were collected.

15 % SDS-PAGE
Concentrated protein samples were diluted 100-200 fold, and sample volumes of 10-30 μL
were loaded into gel wells. Samples were prepared by the addition of 6 μL of 2x SDS-PAGE protein
loading buffer (50mM Tris-HCL, 2% SDS, 0.2 % bromophenol blue, 10% glycerol, pH6.8) and 3μL
of 1M dithiothretol, and then incubated for five minutes at 100 ˚C. Electrophoresis running buffer
contained 25 mM Tri-HCl, 250 mM Glycine, and 1% SDS at pH 8.3. After electrophoresis, gels were
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stained overnight with Coomassie Brilliant Blue solution (50% (v/v) methanol, 10% (v/v) acetic acid,
0.1% (w/v) Coomassie Brilliant Blue R250). After staining was completed, the gels were destained
with a 1:3:4 glacial acetic acid:methanol:water solution.

UV-Vis Spectroscopy
Data was collected on a Hewlett Packard 8452A diode array spectrophotometer. Samples
were placed in a 400 μL quartz cuvette with a 1 cm path length. Apo protein concentrations were
estimated using Ԑ280= 15,200 M-1cm-1. Holo cyanomet protein concentrations were estimated using
Ԑ423= 109.7 mM-1cm-1 (Antonini & Brunori, 1971).

Electrospray Ionization Mass Spectrometry (ESI MS)
Protein samples were analyzed using an Applied Biosystems API 2000 triple
quadrupole mass spectrometer. Samples were prepared for ESI MS by buffer exchange
using an Amersham Pharmacia Biotech Superdex 75 10/300 size exclusion column
equilibrated with 20 mM ammonium acetate buffer, pH 7.0. The mass spectrometer flow
rate was 10 μL/min. The declustering potential was set to 40V, the focusing potential was
400V, and the inlet potential was 10 volts. Mass spectrum scanning occurred for 30 seconds
at a rate of 100 scans per minute, and the m/z range was from 600 to 1,600 dalton/proton
charge. The Bayesian Protein Reconstruct tool (Applied Biosystems) was used to calculate
protein masses from mass spectra averaged over 50 scans.

Nuclear Magnetic Resonance Spectroscopy
1D NMR data were collected at 25˚C on a Varian INOVA (500-MHz 1H)
spectrometer with a triple-resonance (15N/13C/1H) probe. 2D and 3D NMR data were
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collected at 25°C on a Bruker Avance III (600-MHz 1H) spectrometer equipped with an
inverse triple-resonance (15N/13C/1H) probe, located at Portland State University. 2D and 3D
spectra were processed using NMRPipe (Delaglio et al., 1995), and analyzed with NMR
View (Johnson, B. A. & Blevins, R. A., 1994).
NMR amide backbone resonances of cyanomet swMb were recorded using a 1H -15N HSQC.
Peaks in the 1H -15N HSQC were assigned using the following three dimensional data sets:
HNCA, HNCOCA, HNCACB, CBCA(CO)NH. NMR amide backbone resonances for
cyanomet HGL16 permutein were assigned as above with the additional data recorded in
HNCO and HN(CA)CO experiments.
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